Understanding the constitutive behavior of the human brain is critical to interpret the physical environment during neurodevelopment, neurosurgery, and neurodegeneration. A wide variety of constitutive models has been proposed to characterize the brain at different temporal and spatial scales. Yet, their model parameters are typically calibrated with a single loading mode and fail to predict the behavior under arbitrary loading conditions. Here we used a finite viscoelastic Ogden model with six material parameters-an elastic stiffness, two viscoelastic stiffnesses, a nonlinearity parameter, and two viscous time constants-to model the characteristic nonlinearity, conditioning, hysteresis and tension-compression asymmetry of the human brain. We calibrated the model under shear, shear relaxation, compression, compression relaxation, and tension for four different regions of the human brain, the cortex, basal ganglia, corona radiata, and corpus callosum. Strikingly, unconditioned gray matter with 0.36 kPa and white matter with 0.35 kPa were equally stiff, whereas conditioned gray matter with 0.52 kPa was three times stiffer than white matter with 0.18 kPa. While both unconditioned viscous time constants were larger in gray than in white matter, both conditioned constants were smaller. These rheological differences suggest a different porosity between both tissues and explain-at least in part-the ongoing controversy between reported stiffness differences in gray and white matter. Our unconditioned and conditioned parameter sets are readily available for finite element simulations with commercial software packages that feature Ogden type models at finite deformations. As such, our results have direct implications on improving the accuracy of human brain simulations in health and disease.
Introduction
Understanding the mechanical characteristics of human brain tissue has challenged scientists for many decades. The ultrasoft behavior is highly sensitive to spatial and temporal resolutions [1] . Even for quasi-static loading rates and relatively small strains, brain tissue exhibits a highly nonlinear, hysteretic behavior [2, 3, 4] , where both time-independent and timedependent characteristics show regional variations [5, 6, 4, 7] . A key to establish realistic constitutive models for the brain is not only to develop mathematical models that capture the timedependent tissue response at finite strains but also to design appropriate experiments to accurately identify the corresponding material parameters.
Limited by the availability of human brain tissue [8, 9, 10, 11, 6] , researchers alternatively consulted porcine [12, 13, 14] or bovine brains [15, 16, 17, 18] due to their structural similarities with the human brain. Animal studies have been exceptionally valuable to better understand the highly complex mechanical response of brain tissue. However, to accurately characterize, model, and simulate the human brain, data from a different species could provide imprecise results [13] .
Email address: ekuhl@stanford.edu, corresponding author (E. Kuhl) Previous studies concerned with the time-dependent mechanical behavior of human brain tissue have mostly been limited to linear viscoelastic properties at small strains [8, 9, 10, 11, 6] . A popular approach to characterize the time-dependent behavior using a Prony series [12, 13, 14, 18, 6] , has recently resulted in poor predictions of porcine brain experiments when the actual strain history was taken into account [19] . Since material parameters identified for a single loading mode do not necessarily represent the constitutive behavior under arbitrary loading cases [12, 2] , we are generally limited by the lack of experimental data for accurate parameter identification [20] . Here, we use the experimental data of human brain tissue under multiple uniaxial loading conditions, cyclic simple shear, unconfined compression, tension, and shear relaxation, and compression relaxation, for four different brain regions, the cortex, the basal ganglia, the corona radiata, and the corpus callosum. To eliminate inter-specimen variations, we performed all five tests sequentially on one and the same specimen. In one region, the corona radiata, we performed additional multiaxial tests [4] , combined compression/tension-shear loading, to provide viscoelastic material parameters that are capable of predicting the response of human brain tissue under multiaxial loading conditions. The objective of this study was to systematically compare the viscoelastic response of human brain tissue for five different types of loading and, ultimately, identify a set of material parameters that is best suited to characterize the overall constitutive behavior of four structurally distinct regions of the brain.
We model the finite constitutive behavior of human brain tissue considering a class of viscoelastic models within the general setting of finite deformation continuum mechanics. We multiplicatively decompose the deformation gradient into elastic and inelastic parts [21] , and additively decompose the free energy function into equilibrium and non-equilibrium parts [22, 7] . We introduce internal variables to account for the ratedependent behavior, and integrate the viscous rate equation in time using an operator split based on an exponential mapping algorithm [23] . As the main result of this study, we provide parameter sets for human brain tissue that are directly applicable to finite element simulations in commercial software packages such as Abaqus, where the viscoelastic material behavior is represented through the multiplicative decomposition of the deformation gradient.
An interesting question that has not been fully answered to date is whether different regions in the brain display a different rheology. Regional variations in the characteristic time scales could explain why some studies reported cortical gray matter to be stiffer than white matter [24, 4] , while others found the opposite [17, 18, 5, 25] . By systematically analyzing time-dependent effects under multiple loading conditions, we carve out possible mechanisms on the cellular level. We emphasize how viscoelastic modeling can implicitly address porous effects caused by the cerebrospinal fluid. The fluid phase makes up about 80% of total brain mass, which is held in the solid network of cells and in the extracellular matrix. To discriminate between the different mechanisms that trigger time-dependent effects, we provide individual parameter sets for the unconditioned and conditioned tissue response.
Materials and methods

Experiments
We obtained 1 cm thick coronal brain slices from n = 10 human cadavers ages 54 to 81, three female and seven male [4] . None of the subjects had suffered from any neurological disease known to affect the microstructure of the brain. To minimize tissue degradation, we kept the tissue samples refrigerated at 3
• C and humidified with phosphate-buffered saline solution at all times. We completed all tests within less than 60 h post mortem. We extracted specimens of 5 × 5 × 5 mm from four different regions, the corpus callosum (CC), inner white matter with high fiber density, mostly consisting of uniaxially oriented nerve fiber bundles running between the two hemispheres, the corona radiata (CR), outer white matter with lower fiber density, the basal ganglia (BG), inner gray matter, and the cortex (C), outer gray matter, as illustrated in Fig. 1a . We mounted each specimen onto the triaxial testing device [4] to investigate the mechanical response under multiple loading modes, simple shear, compression, and tension. We conducted all tests at room temperature and chose quasi-static loading conditions with a speed of v = 2 mm/min. In compression and tension, the upper platform of the testing device moved in the z-direction. In shear, the lower platform moved in the x-and y-directions [26] . To capture various aspects of the complex response of human brain tissue, we performed two different testing protocols. 
Protocol: Sequential loading
• Simple shear in x-direction up to γ = 0.2 three loading cycles
• Stress relaxation in x-direction at γ = 0.2 300 s holding
• Simple shear in y-direction up to γ = 0.2 three loading cycles
• Stress relaxation in y-direction at γ = 0.2 300 s holding
• Unconfined compression in z-direction up to λ = 0.9 three loading cycles
• Stress relaxation in z-direction at λ = 0.9 300 s holding
• Uniaxial tension in z-direction up to λ = 1.1 three loading cycles
The first testing protocol consisted of a sequence of different loading modes as summarized in Table 1 . We started with sinusoidal simple shear up to an amount of shear of γ = 0.2 in two orthogonal directions, where the amount of shear γ specifies the relative in-plane displacement of two parallel layers in the material body divided by their separation distance. At each recorded time instant, we calculated the shear stresses τ xz/yz = P xz/yz = f /A as the shear force f , the force recorded in the direction of shear, divided by the shear area A = WL with specimen length L and specimen width W. Next, we conducted an unconfined uniaxial compression test up to a compressive stretch of 0.9, a relaxation test of 300 s holding at this compression level, and a uniaxial extension test up to a tensile stretch of 1.1. Hereby, we computed the stretch λ = 1 + ∆z/H with specimen height H and z-displacement ∆z and the first Piola stress P zz as the force f z divided by the cross-sectional area A of the specimen in the unloaded reference configuration, i.e. P zz = f z /A. For all loading modes, we applied three loading cycles. We interpreted the first cycle as the unconditioned response and the third cycle as the conditioned response. For data analysis, we only included specimens, which stayed intact throughout the entire testing protocol in Table 1 . If a specimen broke during the course of the protocol, we excluded it from the study. This allowed us to ensure that the obtained material parameters represented the behavior of the same tissue sample under multiple loading modes. Motivated by our previous studies, in which the response of brain tissue was independent of the loading direction [4] , we only evaluated the shear data of one direction, the y-direction. We included data from a total of n = 58 samples: n = 13 from the cortex, n = 15 from the basal ganglia, n = 19 from the corona radiata, and n = 11 from the corpus callosum. The second protocol consisted of combined compression/tension and shear loading as summarized in Table 2 . We first decreased the compressive stretch from 1.00 to 0.75 in increments of 0.05, and subsequently increased the tensile stretch from 1.00 to 1.25, again in increments of 0.05. At each stretch level, we applied three cycles of sinusoidal simple shear up to γ = 0.2 in two orthogonal directions. We performed tests according to Protocol 2 data for n = 4 samples from the corona radiata as the other regions did not provide enough space to extract additional reasonably sized specimens after completing Protocol 1. 
Protocol 2: Combined loading
• Unconfined compression in z-direction decreasing from λ = 1.00 to λ = 0.75 in increments of 0.05 with Superposed simple shear in x-and y-direction up to γ = 0.2 with three loading cycles per direction
• Uniaxial tension in z-direction increasing from λ = 1.00 to λ = 1.25 in increments of 0.05 with Superposed simple shear in x-and y-direction up to γ = 0.2 with three loading cycles per direction
Kinematics
To characterize the deformation during testing, we use the nonlinear equations of continuum mechanics and introduce the deformation ϕ (X, t), which maps the specimen from the undeformed, unloaded configuration with position vectors X at time t 0 to the deformed, loaded configuration with position vectors x = ϕ (X, t) at time t. We determine the associated deformation gradient F in its spectral representation in terms of the eigenvalues λ a and the deformed and undeformed eigenvectors n a = F · N a and N a ,
λ a n a ⊗ N a .
(1) Tables 1 and 2 summarize our testing protocols under simple shear, uniaxial compression and tension, and combined compression/tension and shear. Guided by our experience with adipose tissue [26] and myocardial tissue [27] , we assume that our brain samples deform isochorically, J = det(F) = λ 1 λ 2 λ 3 = 1, and homogeneously [4] . This implies that we neglect boundary effects and assume a constant deformation gradient F across the sample [28] . We thus assume the following deformation gradient F for simple shear in the y-direction,
for compression and tension in the z-direction,
and for combined loading,
3
To model the viscoelastic nature of brain tissue, we decompose the deformation gradient into elastic and viscous parts,
where i denotes the parallel arrangement of m viscoelastic elements [21] . We can then introduce the spatial velocity gradient,
and decompose it additively into elastic parts, l e i =Ḟ e · (F e i ) −1 , and viscous parts, l
From the deformation gradient, we determine the left Cauchy Green deformation tensor b and its spectral representation in terms of the principal stretches λ a and the deformed eigenvectors n a ,
It proves convenient, to introduce the elastic left Cauchy Green deformation tensor for each mode,
with eigenvalues λ e i a and eigenvectors n e i a , which are, in general, not identical to the eigenvectors of the total left Cauchy Green deformation tensor, n e i a n a . The material time derivative of the elastic left Cauchy Green deformation tensor,
introduces the Lie-derivative,
along the velocity field of the material motion.
Constitutive modeling
In a previous study, we have shown that, for the current test setup, the constitutive behavior of brain tissue was independent of the loading direction [4] . Motivated by these findings, we assume an isotropic material response for both the elastic and the viscoelastic behavior. We introduce the viscoelastic free energy function ψ as the sum of three terms, an equilibrium part ψ eq in terms of the total principal stretches λ a , a non-equilibrium part ψ neq = m i=1 ψ i in terms of the i, .., m elastic principal stretches λ e ia , and a term p [ J − 1 ] that enforces the incompressibility constraint, J − 1 = 0, via the Lagrange multiplier p,
Similarly, we introduce the stress power P as the sum of an equilibrium part P eq = τ eq : l in terms of the equilibrium Kirchoff stress τ eq and a non-equilibrium part P neq = τ neq : l in terms of the non-equilibrium Kirchoff stress τ neq = m i=1 τ i ,
We can then evaluate the dissipation inequality, D = P −ψ ≥ 0, in terms of the individual equilibrium and non-equlibrium contributions,
With the assumption of isotropy, we can rewrite the nonequilibrium stress power in terms of the Lie derivative of the elastic left Cauchy Green deformation tensor (10) ,
, and obtain the following explicit representation of the dissipation inequality,
Following standard arguments of thermodynamics, we obtain the definition of the equilibrium Kirchhoff stress,
the definition of the non-equilibrium Kirchhoff stresses,
and the reduced dissipation inequalities for each individual mode i,
It remains to specify the equilibrium and non-equilibrium parts of the free energy, ψ eq and ψ neq , and the evolution of the internal variables b e i . For the equilibrium energy, we follow the recommendations of recent studies that have compared different constitutive models [4, 29, 30] and have identified the one-term Ogden model [31] to best represent the hyperelastic behavior of human brain tissue,
which introduces two parameters, the shear modulus µ ∞ and the tension-compression asymmetry parameter α ∞ [4] , and is parameterized in terms of the total stretches λ a . The derivative in equation (15) then becomes
For the non-equilibrium energy, we adopt the same Ogden strain energy function [7] , 
where a, b, c = {1, 2, 3} and a b, a c, and b c. To a priori satisfy the reduced dissipation inequality (17), we choose the following evolution equation for the internal variables b
which introduces one additional parameter for each mode i, the viscosity η i > 0, or, when scaled with the corresponding shear modulus µ i , the associated relaxation time, τ i = η i /µ i [7] . Motivated by finite elastoplasticity [32, 22] , this choice introduces a dissipation inequality of quadratic form, 
In unconfined compression and tension, the Lagrange multiplier p follows from the lateral boundary conditions, P xx = P yy . = 0. In simple shear and combined loading, the shear stresses P xz and P yz are independent of the Lagrange multiplier p. To advance the non-equilibrium part of the constitutive equations in time, we perform an implicit time integration with exponential update [23, 7] .
Parameter indentification
In general, our viscoelastic model has 2+2 m+m parameters, µ ∞ and α ∞ to characterize the equilibrium response, µ i and α i to characterize the non-equilibrium response, and η i to characterize the relaxation time for each viscoelastic element i = 1, .., m.
Here, for simplicity, we assumed that α = α ∞ = α i , which reduced the number of indepedent parameters to 2 + 2 m. We identified these parameters using the nonlinear least-squares algorithm lsqnonlin in MATLAB. We optimized two distinct parameter sets to best represent the unconditioned response of the first loading cycle and the conditioned response of the third loading cycle. When identifying the parameters for the conditioned response, we evaluated the model for all three cycles. Yet, only the values of the third cycle entered the parameter identification. To evaluate the suitability of different loading conditions for the parameter identification, we first calibrated the viscoelastic model separately with the average experimental data from each loading mode-simple shear, shear relaxation, unconfined compression, compression relaxation, and unconfined tension-to obtain one set of material parameters per loading mode. We minimized the objective function,
where n is the number of considered experimental data points indicated by the black dots in Figs. 3 and 5. P az and P ψ az with directions a = { x, y, z } are the experimentally measured and computationally predicted Piola stresses. Since the shear modulus can only adopt positive values, we constrained it to µ ∞ > 0 and µ i > 0. In the next step, we simultaneously considered all five loading conditions for the calibration using the objective function
where n s , n sr , n c , n cr , and n t are the numbers of experimental data points for shear, shear relaxation, compression, compression relaxation, and tension. When identifying the material parameters for combined compression/tension-shear loading with Protocol 2 in Table 2 , we fitted the shear stresses of all shear curves for eleven axial stretch levels simultaneously, and minimized the objective function
where λ k = { 1.00, 0.95, 0.90, 0.85, 0.80, 0.75, 1.05, 1.10, 1.15, 1.20, 1.25 }. To evaluate the 'goodness of fit', we determined the coefficient of determination, R 2 = 1−P res /P tot , where
2 is the sum of the squares of the residuals with the experimental data P i , the corresponding model data P ψ i , and the number of data points n, and
2 is the total sum of squares with the mean of the experimental datā P = 1/n n i=1 P i . Fig. 2 illustrates the characteristic stress relaxation behavior in shear and compression with the Prony series model for different brain regions, the cortex, the basal ganglia, the corona radiata, and the corpus callosum. The Prony series assumes that the time-dependency follows a reduced relaxation function
Results
Prony series
with the characteristic relaxation times τ i and the relaxation coefficients g i . It is often referred to as Fung's theory [33] or quasi-linear viscoelasticity (QLV). For comparison with previous experimental studies, we determined the characteristic time constants τ i by approximating the scaled relaxation behavior assuming instantaneous loading. Based on our recent results of human brain tissue [7] , we used a two-term Prony series. Table 3 Average experimental data and two-term Prony series model for shear relaxation (a) and compression relaxation (b) in four brain regions, the cortex (C, n = 13), the basal ganglia (BG, n = 15), the corona radiata (CR, n = 19), and the corpus callosum (CC, n = 11), see Table 3 . associate with fluid flow within the cell as illustrated in Fig. 1b , shows similar regional trends for shear and compression loading. The cells in the white matter, the corona radiata and the corpus callosum, responded faster than in the gray matter, the cortex and the basal ganglia. The second time constant is largest for the cortex, similar to the first one, while we do not observe a clear trend for all other brain regions. All time constants are generally larger for compression than for shear loading. Notably, we observed a marked sensitivity of the time constants with respect to the experimental data, not only for the absolute values but also for regional trends, especially for the longer time scale. To address this sensitivity, we used more data points in the early relaxation up to 50 seconds as indicated by the dots in Fig. 2 . This allowed us to eliminate a generally observed drawback of the Prony series, the correlation of the time constants τ to the holding time of the relaxation experiment [20] .
Sensitivity of viscoelastic material parameters towards loading mode
Fig . 3 compares the performance of our viscoelastic model from Section 2.3 calibrated using the unconditioned response of each loading mode separately by minimizing the objective function (24) against using all loading conditions simultaneously with the objective function (25) . Here, we illustrate this comparison exemplarily for the corona radiata. Fig. 4 illustrates the experimental data during the first loading cycle associated with the unconditioned response in all four regions, the cortex (C, n = 13), the basal ganglia (BG, n = 15), the corona radiata (CR, n = 19), and the corpus callosum (CC, n = 11) together with the corresponding constitutive model calibrated using data from all five loading modes simultaneously. Table 4 summarizes the corresponding material parameters and coefficients of determination for all four regions calibrated using data from each loading mode separately and from all loading modes simultaneously. Evidently, the cyclic data alone fail to satisfactorily calibrate the model with two viscoelastic modes, and cannot appropriately represent both early and late relaxation. Here, simple shear experiments showed a better performance than cyclic compression and tension since they were the longest experiments with a total duration of 50 seconds compared to only 20 seconds for compression or tension. The parameters from the tension data alone drastically underestimated the compressive stresses. Parameters calibrated from either compression or tension failed to depict the pronounced compression-tension asymmetry, which is well apparent when comparing graphs 3b and 3c. Shear relaxation experiments were the most suitable to obtain parameters that were valid under various loading modes. We note, though, that in contrast to the Prony series approach in the previous Section, we evaluated the full integral over the entire loading history including the loading ramp, instead of assuming an instantaneous loading. This helped significantly to reduce the sensitivity of the time constants towards the selection of experimental data points and additionally provided a reasonable identification of the elastic parameters. We achieved an even better agreement with experimental data when we calibrated the viscoelastic model with all loading conditions simultaneously. The resulting set of six parameters is not only valid for a single loading mode, but for , and compression relaxation (e), shown for specimens from the corona radiata, with corresponding constitutive models calibrated using data from each loading mode separately and all loading modes simultaneously, see Table 4 . Simultaneous parameter identification for all five loading modes. Average experimental data during the first loading cycle associated with the unconditioned response, with standard deviations indicated by the error bars, in four regions, cortex (C, n = 13), basal ganglia (BG, n = 15), corona radiata (CR, n = 19), and corpus callosum (CC, n = 11), with corresponding constitutive model calibrated using data from all loading modes simultaneously, see Table 4 .
arbitrary loading conditions. With the chosen framework, the parameters are conform with many commercial finite element software including Abaqus. This was not possible for our previously provided parameter sets, for which we used different parameters α ∞ and α i for the equilibrium and non-equilibrium responses [7] . Independent of the loading mode, the equilibrium shear moduli were largest in the cortex, comparable in basal ganglia and corona radiata, and smallest in the corpus callosum, which is in agreement with previous studies [4] . We observed similar trends for shear moduli associated with large viscosities η i . For shear moduli associated with small viscosities η i , however, regional trends shifted: Both white matter regions stiffened with respect to the gray matter regions [7] , which becomes clearly apparent for µ 1 calibrated with shear or compression relaxation experiments. Shear relaxation experiments indicated the largest nonlinearity with large absolute values of α closely followed by cyclic unconfined compression, while tension experiments showed the smallest nonlinearity. Table 5 summarizes the loading-mode-specific time constants τ i = η i /µ i for the unconditioned tissue response in all four regions. Again, it becomes well apparent that cyclic experiments alone fail to provide reasonable time constants. They partially adopt extremely large values, since the experimental time was too short. As a result, the corresponding time constants reveal no clear regional trends. Yet, both relaxation experiments show similar regional trends: the first time constant τ 1 is largest in the cortex, slightly smaller in the basal ganglia, followed by the corpus callosum, and smallest in the corona radiata; the second time constant τ 2 is largest in the corpus callosum, followed by the cortex, the basal ganglia, and again smallest in the corona radiata. This suggests that, at small time scales, the corona radiata stiffens significantly compared to the other brain regions. Interestingly, the second time constants were larger for shear relaxation than for compression relaxation, while the first time constants showed the opposite trend. The parameters calibrated with all loading modes simultaneously show similar trends as the stress relaxation experiments with the exception that the second time constant was much smaller for the corpus callosum than for all other regions. We attribute this observation to the fact that the recorded tensile forces for the corpus callosum were in the range of the sensitivity of the force sensor. Fig. 5 compares the performance of the viscoelastic model calibrated using the conditioned experimental data of each loading mode separately by minimizing the objective function (24) against using all loading conditions simultaneously by minimizing the objective function (25) . Again, we illustrate this comparison exemplarily for the corona radiata. Fig. 6 illustrates the experimental data during the third loading cycle associated with the conditioned response in all four regions, the cortex (C, n = 13), the basal ganglia (BG, n = 15), the corona radiata (CR, n = 19), and the corpus callosum (CC, n = 11) together with the corresponding constitutive model calibrated using data from all five loading modes simultaneously. Table 6 summarizes the corresponding material parameters and coefficients of determination for all four regions. Even for the conditioned response, stress relaxation experiments provide better estimates for the material parameters with larger coefficients of determination R 2 than cyclic experiments. We note that the relaxation data are the same for the unconditioned and conditioned parameter identification. Again, models calibrated with compression data only overestimate tensile stresses. Considering all loading modes simultaneously for calibration, we obtain a set of six material parameters that well represent the conditioned tissue response under all loading conditions performed during Protocol 1. The region-specific parameter sets can be used immediately for large scale simulations in commercial finite element software that use the multiplicative decomposition of the deformation gradient (5) such as Abaqus. The viscoelatic shear moduli µ 1 and µ 2 from the cyclic fits are smaller-only about half the value-for the conditioned than for the unconditioned response. This suggests that the fluid phase, which can escape the solid matrix during the initial loading, adds further resistance to load. When we identify the parameters with all loading conditions simultaneously, this effect is less pronounced. As expected, the equilibrium shear moduli are only marginally affected by conditioning. Interestingly, the conditioned response is more non-linear than the unconditioned response with larger absolute values of α. This suggests that the nonlinearity can be attributed to the solid matrix rather than to the fluid phase. Table 7 summarizes the loading-mode-specific time constants τ i = η i /µ i for the conditioned response in all four regions. The time scales were generally larger compared to the unconditioned behavior, which we attribute to the fluid phase, which can be squeezed out during initial loading (also see Fig. 1b ) and is no longer present in the later cycles. When we considered all loading conditions simultaneously for calibration, the first time constants were slightly larger for the conditioned than for the unconditioned response, but generally showed similar trends. The second time constants, in contrast, had significantly increased compared to the unconditioned response; this effect was more pronounced in white than in gray matter. This suggests that most fluid escaped from specimens of the corpus callosum followed by those from the corona radiata; gray matter specimens from the cortex seem to loose the least fluid during the first cycle. Fig. 7 shows the average unconditioned shear stress versus the amount of shear for specimens from the corona radiata. The graph summarizes the combined compression/tension-shear response for all eleven stretch levels according to Protocol 2 in Table 2 calibrated by minimizing the objective function (26) . Our model is capable of capturing the increase in shear stresses with increasing compression, but much less with increasing tension, which is the natural outcome of the compression-tension asymmetry observed in Figs. 3 and 5. It underestimates stresses during the initial loading [7] , but agrees well with the experimental data after that. We believe that the marked decrease in shear stresses from 0 to 5% tension is rather an artifact of the test setup than an inherent tissue characteristic. We unavoidably conditioned the tissue during compression-shear loading, which might have led to a slight drop in shear stresses for the first tension level compared to the initial loading. To avoid this arti- Figure 5: Sensitivity of parameters identification with respect to loading mode. Average experimental data during the third loading cycle associated with the conditioned response during simple shear (a), compression (b), tension (c), shear relaxation (d), and compression relaxation (e), shown for specimens from the corona radiata, with corresponding constitutive models calibrated using data from each loading mode separately and all loading modes simultaneously, see Table 6 . Simultaneous parameter identification for all five loading modes. Average experimental data during the third loading cycle associated with the conditioned response, with standard deviations indicated by the error bars, in four regions, cortex (C, n = 13), basal ganglia (BG, n = 15), corona radiata (CR, n = 19), and corpus callosum (CC, n = 11), with corresponding constitutive model calibrated using data from all loading modes simultaneously, see Table 6 . Table 4 : Viscoelastic parameters and coefficients of determination calibrated with the averaged unconditioned response in four brain regions, the cortex (C, n = 13), the basal ganglia (BG, n = 15), the corona radiata (CR, n = 19), and the corpus callosum (CC, n = 11), for different loading modes separately, shear, compression, tension, shear relaxation, and compression relaxation, and all modes simultaneously. fact, we could have tested each specimen under a single strain level only. However, with the large inter-specimen variation observed for brain tissue in general, this would have required a large number of samples to provide statistically meaningful results. Table 8 , top, summarizes the material parameters for the unconditioned response. Calibrating the viscoelastic constitutive model with all axial stretch levels during combined loading simultaneously yielded a larger equilibrium modulus µ ∞ than the simultaneous fit of all uniaxial loading modes in Protocol 1 in Table 4 , bottom. This can be associated with the much smaller absolute value of α; a large absolute value of α as Table 6 : Viscoelastic parameters and coefficients of determination calibrated with the averaged conditioned response in four brain regions, the cortex (C, n = 13), the basal ganglia (BG, n = 15), the corona radiata (CR, n = 19), and the corpus callosum (CC, n = 11), for different loading modes separately, shear, compression, tension, shear relaxation, and compression relaxation, and all modes simultaneously. the one obtained from Protocol 1 would yield unrealistically large shear stresses for large compressive or tensile pre-strain in the combined loading case. Similar to the parameter estimates from the cyclic experiments in Table 4 , the cyclic combined compression/tension-shear tests are not sufficient to accurately characterize the long-term time parameters. Consequently, the larger viscosity adopts an unrealistically large value. While we achieve coefficients of determination close to one for the combined loading tests in Figure 7 , the corresponding predictions for the uniaxial loading at smaller strains in Protocol 1 are relatively poor, which becomes apparent through smaller R 2 values in Table 8 , top. We note, though, that Protocol 1 was not performed on the same specimens as Protocol 2, which implies that we can not exclude possible influences of inter-specimen Table 8 , top. The model captures the pronounced increase in shear stresses with increasing compressive strain and the less pronounced increase in shear stresses with increasing tensile strain.
Combined loading
variations. Fig. 8 shows the average conditioned shear stress versus amount of shear curves during all eleven stretch levels of combined compression/tension-shear loading according to Protocol 2. Again, the model captures the increase in shear stresses accompanied by an increase in hysteresis area with increasing compression, but not with increasing tension. The fact that the opening of the hysteresis at zero shear increases with axial compression, but not with axial tension, suggests that the experimentally observed increase in shear stresses in tension is in part an artifact of the testing method rather than an inherent characteristic of the tissue. The time required to complete the combined loading protocol was exceptionally long and it was difficult to keep the tissue fully hydrated; samples dried out towards the end of the testing period, which led to an artificial increase in stresses for the axial stretch levels that we probed last. This could also explain why the increase in shear stresses with axial tension is more pronounced in the current study than in previous experimental studies on mouse brain tissue [34] . Table 9 , top, summarizes the corresponding material parameters for the conditioned tissue response. Again, the absolute value of the nonlinearity parameter α is much smaller than estimated from the uniaxial loading cases in Protocol 1, but it is slightly larger than for the unconditioned response in Table 8 , top. The viscosities seem more realistic than those obtained for the unconditioned response.
Optimized material parameters for larger loading
Since experimental evidence suggests that the viscosity of brain tissue is independent of the deformation [7, 19] , we assumed that the viscosities calibrated with Protocol 1 were also valid for the combined loading cases with Protocol 2. To optimize the parameters in Section 3.3, we used the information Table 9 , top. The model captures the pronounced increase in shear stresses with increasing compressive strain and the less pronounced increase in shear stresses with increasing tensile strain.
from stress relaxation experiments in the corona radiata in Tables 4 and 6: We set η 1 = 2.5s and η 2 = 40s for the unconditioned tissue response, and η 1 = 2.5s and η 2 = 150s for the conditioned tissue response. Then we re-ran the parameter optimization for the remaining four parameters.
Figs. 9 and 10 show the performance of the optimized model to capture the unconditioned and conditioned behavior during uniaxial shear, compression, and tension according to Protocol 1, and during combined compressen/tension-shear according to Protocol 2. Tables 8 and 9 , bottom, summarize the corresponding constitutive parameters. The model still underestimates stresses in shear and compression for small strains during Protocol 1 as illustrated in Figs. 9a-b and 10a-b . However, the qualitative stress relaxation behavior is much better captured compared to the material parameters in Tables 8 and 9 , top. Even though this is not directly apparent through the coefficients of determination R 2 , it will ensure that the relaxation at larger strains will be adequately predicted. Furthermore, the optimized approach ensures that the predicted opening of the hysteresis for cyclic simple shear at zero shear in Fig. 10a agrees well with the experiment.
Discussion
Material parameters for brain tissue are commonly reported for a single loading mode, usually shear [10, 11, 15, 28, 35] or compression [14] , and sometimes tension [19, 2, 36 ]. Yet, under physiological conditions, the living brain rarely sees a single loading mode in pure isolation. Rather, it is exposed to a combination of shear, compression, and tension and a wide range of loading rates. To characterize the response of the brain under combined loading, we modeled brain tissue using a finite Table 8 , bottom, in the corona radiata. We calibrated viscosities using uniaxial experiments (a-e) and elastic parameters using combined loading f. Table 9 , bottom, in the corona radiata. We calibrated viscosities using uniaxial experiments (a-e) and elastic parameters using combined loading f. Table 9 : Viscoelastic parameters and coefficients of determination calibrated with the averaged conditioned response in the corona radiata (CR) for combined compression/tension-shear and optimized viscoelastic parameters and coefficients of determination calibrated with the averaged conditioned response in the corona radiata (CR) for combined compression/tension-shear in combination with uniaxial experiments.
combined compression/tension-shear loading conditioned strain Ogden type viscoelastic model with six material parameters: one elastic and two viscoelastic stiffnesses µ ∞ , µ 1 , and µ 2 , a single non-linearlity parameter α, and two viscoelastic time constants η 1 and η 2 . In contrast to our previous model with three different non-linearity parameters α ∞ , α 1 , and α 2 [7] , the current formulation now allows us to directly adopt finite element software packages such as Abaqus, where the viscoelastic formulation uses a single, unified non-linearity parameter α. Although our current model has two parameters less than our initial model, its agreement with experimental data is almost identical to our previous model [7] . In this study, we identified the six model parameters for different regions in the human brain under multiple loading conditions, both individually and simultaneously. We note that despite some promising results, our method has several inherent limitations. First, by the very nature of triaxial testing, gluing the sample to the specimen holder may induce boundary effects and the deformation might not be as homogeneous as we had assumed. Yet, this effect seems to be more pronounced in tension and compression, rather than in simple shear [28] . In accordance with the literature [35] , we verified computationally that-for our chosen constitutive model, parameterized with our parameter set-the deformation was mainly homogeneous and boundary effects remained strictly local. Second, our goal was to complete all tests for each brain within a time window of 60 h post mortem. This posed practical limitations to the recovery time between the different tests and we can not guarantee that the results of individual tests were entirely independent of previous tests. Third, unfortunately, our current test setup does not allow us to characterize the poroelastic behavior of brain tissue. We are in the process of designing a combination of drained and un-drained experiments [3] to truly characterize brain as a poro-viscoelastic solid.
Our study confirms the general intuition that parameter sets, identified for a single loading condition and at a certain strain level, can considerably under-or overestimate the response under different loading conditions and at different strain levels. Of all three loading modes, shear, compression, and tension, our study showed that simple shear tests were better suited to characterize the ultra-soft response of brain tissue than compression or tension tests alone [35] . This agrees well with a recent study that argued that simple shear tests were more reliable, less sensitive to boundary effects, and more robust under large strains [28] . Of all five experiments, we found that shear relaxation experiments were best suited to identify the time-dependent material parameters. However, this was only true when the whole strain history-including the loading path-was included into the calibration. When fitting the reduced relaxation function and assuming an instantaneous loading [12, 14, 36] , the relaxation times became highly sensitive to the duration of the experiment and to the selection of data points for the fit [20] . We observed that this sensitivity was greatly reduced when integrating over the entire loading history. More importantly, by including cyclic experiments into the fit, the parameter identification became less sensitive and more robust. Our findings agree well with a recent study on the viscoelasticity of the porcine corpus callosum during equibiaxial stress-relaxation [19] , which found that a major fraction of relaxation occurs during the ini-tial loading period. This implies that Heaviside loading functions lead to poor predictions for elastic material parameters. To prevent these artifacts, we proposed a combined theoretical and experimental approach that reliably identified both elastic and viscoelastic parameters using data from multiple loading conditions: Instead of calibrating the elastic parameters using only the loading path and the viscous parameters using only the stress relaxation behavior [12, 14, 6] , our approach integrates data from simple shear, unconfined compression, tension, shear relaxation, and compression relaxation to holistically characterize the overall behavior of gray and white matter tissue.
Unlike most soft tissues, the brain is not only ultrasoft, but also has an exceptionally high water content, 0.83 g/l in gray matter and 0.71 g/l in white matter [37] . This suggests that brain tissue is effectively poro-viscoelastic [38] . Notably, we observed that both unconditioned viscous time constants were larger in gray matter with 6 s and 850 s than in white matter with 2 s and 99 s. Yet, both conditioned constants were smaller in gray matter with 2 s and 235 s than in white matter with 3 s and 645 s. These rheological differences suggest a different porosity between both tissues. We can rationalize these observations with the underlying tissue microstructure: The corona radiata consists of a sparsely cross-linked network of myelinated axons [39] , whereas the cortex is made up of a densely connected network of dendrites that traps the fluid phase inside the tissue. These differences could explain the ongoing discussion between reported stiffness differences in gray and white matter. Modeling the brain as a poro-viscoelastic solid and probing poro-viscoelasticity using drained and undrained experiments [3] would be critical to elucidate these time-dependent phenomena. Understanding the poro-viscoelasticity of the brain is important in the context of brain swelling [40] with pathological applications to edema [41] , hydrocephalus [42] , or decompressive craniectomy [43] .
To discriminate between the initial loading cycle, with the porous fluid included, and repeated loading cycles, with the fluid partly squeezed out, we identified four distinct parameter sets associated with the unconditioned and conditioned responses at normal, physiological and elevated, pathological strain levels. While the unconditioned parameter set could be useful to mimic the in vivo conditions of fluid-saturated tissue in the living brain, the conditioned parameter set is easily reproducible under ex vivo conditions in the laboratory. To provide guidelines for simulations and comparisons for experimentalists, we view both data sets as rather independent, but valuable for their own class of applications. A challenge when performing several sequential tests on one and the same sample is to ensure sufficient recovery time between the individual tests, avoid tissue damage, and maintain tissue integrity during the course of the experiment. Here we restricted the maximum compressive and tensile stretches to λ = 0.9 and λ = 1.1 and the maximum shear to γ = 0.20 to ensure that the tissue remained intact throughout all three loading modes. Our preliminary experiments had shown that larger strains permanently damaged the tissue. With a maximum compressive stretch of 0.9, we have previously shown that the tissue fully recovers and follows the initial loading path after a resting period of about one hour [4] . Some previous studies had identified parameters using the loading path-but not the unloading path-for up to 50% strain or more [12, 44] , which might be critical in view of tissue damage. The damage threshold for diffuse axonal injury, for example, has been reported at as low as 18% tensile strain [45] . While smaller strain levels minimize damage throughout the course of the experiment, restricting the calibration to moderate strains has several other drawbacks: When comparing the calibration of the individual loading from Protocol 1 in Tables 4 and 6 with the calibration of the combined loading from Protocol 2, we found that the model overestimates the stress response at strains beyond the tested strain level; when calibrating the model with the combined loading from Protocol 2, in contrast, the model underestimates the stress response at moderate strains. This motivated us to combine the viscous parameters from Protocol 1 with the elastic parameters from Protocol 2. The associated optimized parameter sets for unconditioned and conditioned tissue seem to provide the best fit of the experimental data at finite strains. Their characteristic parameters are summarized in Tables 8 and 9 , bottom.
Understanding cellular mechanisms and tissue microstructure is critical to interpret the constitutive behavior of the human brain. Here we have identified material parameters for each loading mode separately to better understand loadingmode specificity. This also allows us to correlate the parameters to the underlying mechanisms of load transfer within the tissue. Our findings strengthen our hypothesis that the rheology of brain tissue is characterized by at least two different time scales, one associated with the poroelastic interaction of the solid and fluid phases within the tissue and one related to the viscoelastic nature of the solid skeleton itself [38] . Further studies will be needed to explore the interplay of porosity and viscosity and their effects on brain tissue rheology both in time and space. We have already ruled out the possibility of permanent softening or irreversible damage as a possible interpretation for the observed time-dependent response [3] . When re-testing the same sample after a resting period of 60 minutes, we observed that the behavior was fully reversible: The rested sample followed the identical loading path as the initial sample [4] .
Conclusion
We have shown that a finite viscoelastic Ogden model with an elastic stiffness, two viscoelastic stiffnesses, a single unified nonlinearity parameter, and two viscous time constants can characterize the experimental behavior of human brain tissue under multiple uniaxial and multiaxial loading conditions. Strikingly, parameters identified for a single loading mode can generate huge errors when used for a different mode of loading. These errors were smallest for parameters associated with shear relaxation experiments. This suggests that, of all loading modes, shear relaxation probes the broadest spectrum of material characteristics. When fitting our relaxation tests to the popular Prony series, we observed that the parameter identification was highly sensitive to the duration of the experiment and to the selection of data points for the fit. To address these limitations, we performed a combination of shear, shear relaxation, compression, compression relaxation, and tension tests and simultaneously identified sets of viscoelastic parameters for all five loading conditions. Altogether, we identified four distinct parameter sets associated with the unconditioned and conditioned responses at normal and elevated strain levels. In general, the elastic stiffness was on the order of 0.3 kPa, the viscoelastic stiffnesses were 1.0 kPa and 0.4 kPa, the nonlinearity parameter was on the order of -20, and the two viscous time constants were on the order of seconds and minutes. Notably, the unconditioned tissue was about one third stiffer than the conditioned tissue suggesting that porous fluid supports some of the initial load, but is then squeezed out throughout the first loading cycle. We believe that our parameter sets will be widely used for finite element simulations with custom-designed or commercial software packages such as Abaqus that feature Ogden type models at finite deformations. Our finite viscoelastic model is most applicable to simulate the response of the brain at moderate to long time scales with applications in neurodevelopment, neurooncology, neurosurgery, and neurodegeneration.
